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1. ABSTRACT  
 

Short functional peptide motifs cooperate in 
many molecular functions including protein interactions, 
protein trafficking, and posttranslational modifications.  
Viruses exploit these motifs as a principal mechanism for 
hijacking cells and many motifs are necessary for the viral 
life-cycle. A virus can accommodate many short motifs in 
its small genome size providing a plethora of ways for the 
virus to acquire host molecular machinery.  Host enzymes 
that act on motifs such as kinases, proteases, and lipidation 
enzymes, as well as protein interaction domains, are 
commonly mutated in human disease, suggesting that the 
short peptide motif targets of these enzymes may also be 
mutated in disease; however, this is not observed.  How can 
we explain why viruses have evolved to be so dependent on 
motifs, yet these motifs, in general do not seem to be as

 
 
necessary for human viability? We propose that short 
motifs are used at the system level. This system 
architecture allows viruses to exploit a motif, whereas the 
viability of the host is not affected by mutation of a single 
motif.  
 
2. INTRODUCTION 
 

Scientific inquiry over the past century has 
yielded a profound increase in our understanding of human 
disease along with advancement in its therapy. Diseases 
arise from inherited genetic or epigenetic disorders that are 
not embryonic lethal, or from environmental factors such as 
toxins and pathogens. Many genetic diseases are caused by 
mutations in coding regions of proteins imparting either a 
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loss of normal function or gain of an abnormal function. 
Since domains are the fundamental folding and functional 
units of proteins, it is logical to expect that disruption of 
domains could lead to disease. Many such mutations in 
domains are observed and can lead to aberrant protein 
folding, aberrant aggregation, or have direct consequences 
on enzymatic, binding, or other functions of proteins.  
These mutations represent a major mechanistic class of 
disease-causing mutations.   
 

In addition to domains, proteins also contain 
short motifs (generally shorter than 10 amino acids) that are 
the targets of protein domains. These motifs enable critical 
cellular functions such as binding to other targets, protein 
trafficking, regulation, and posttranslational modifications.  
Since proteins use these motifs for a wide array of 
functions, one might expect that these short motifs, like 
their functional domain counterparts, would commonly be 
exploited by pathogens and mutated in disease. This review 
represents the first overview and consolidation of the role 
of short functional motifs involved in viral infection, 
human disease, and drug design. 
 
 There are 1000s of published short functional motifs 
that are most often defined by consensus sequence motifs 
or by position specific-scoring matrices. Throughout this 
manuscript, consensus motifs are represented using the 
single letter amino acid (IUPAC) code and regular 
expression motif syntax used by Prosite (a domain 
database):  “x” indicates any amino acid in this position, 
residues in “[ ]” indicate allowable residues at a position, 
“<” or “>” indicate location on either the N- or C-terminus, 
respectively (1). For example, a LxCxE consensus motif 
binds retinoblastoma protein. Minimotif Miner, DiliMot, 
Scansite, SlimDisc, and Eukaryotic Linear Motif (ELM) 
are web-based tools for exploring the role of short motifs in 
protein and proteomes (2-6). 
 
3. VIRUSES USE SHORT FUNCTIONAL MOTIFS 
TO HIJACK HOST PROTEINS 
 

Other than the few genome-encoded enzymes, 
viruses must depend on their host’s machinery for nearly 
all aspects of their life-cycle.  Therefore it is not surprising 
that viruses use short functional motifs for binding to host 
proteins and recruiting host proteins to posttranslationally 
modify and traffic viral proteins to specific subcellular 
compartments. Although some reviews have summarized 
how a specific motif is used by viruses, the broad-based 
exploitation of short motifs by viruses has not been 
previously summarized (7-9).   
 

Table 1 shows a collection of motifs that are 
commonly used by viruses to acquire host molecular 
machinery.   In general, many types of viruses use these 
motifs at all stages of their life-cycles, and utilization of 
these motifs is not limited to specific species, with motifs 
used by many different species of plants and animals.   
Viruses exploit the ability of host enzymes to 
posttranslationally modify their proteins.  In addition to the 
sources in Table 1, several previous reviews cover the 
myristoylation, prenylation, N-glycosylation, 

phosphorylation, and cleavage of viral proteins by host 
enzymes (9-20).  
 

Viruses also take advantage of a number of 
known short binding motifs for binding to host proteins. In 
addition to the sources presented in Table 1, previous 
reviews cover the viral use of motifs to bind host SH2 
domains, PDZ domains, retinoblastoma protein (Rb), and 
Integrin receptors (21-27). Many viral proteins are known 
to have immunoreceptor tyrosine based motifs (ITAMs) 
that are usually found in transmembrane immune receptors. 
 

Quite often viral consensus binding or 
posttranslational modification motifs are critical for the 
viral life-cycle and viral replication.  A few of the many 
examples are provided. A PxxP motif in HIV Nef activates 
Src family kinases and is important for HIV replication (28, 
29). A PPPY motif in Marbug Virus VP40 protein is 
important for its interaction with Tsg101 and viral budding 
(30). The N-myristoylation motif on the East African 
Cassava Mosaic Cameroon virus AC4 protein is 
responsible for plasma membrane targeting and 
pathogenicity (31). The carboxy-terminal PDZ binding 
motif of the E6 human papillomavirus protein is important 
for viral proliferation and maintenance of viral copy 
number (32).  
 

There are many motifs in viral proteins that are 
important for the viral life-cycle but for which host targets 
are not yet known or perhaps mediate interaction between 
two viral proteins. For example, a YPPL motif in F13L 
vaccinia virus protein is required for efficient release of 
extracellular enveloped viruses (33). A KKR motif in 
cytoplasmic tail of Nef in Nipah Virus is important for its 
fusogenic activity (34). A PGQM motif in Gag is required 
for HIV infection (35, 36). A WxxF motif found in Vif 
mediates interaction with Vpr (37).  
 

So why are short functional motifs so critical for 
viral function? One possibility is that viruses select motifs 
because motifs are often involved in the regulation of host 
molecules; the virus needs to deregulate pathways and then 
re-regulate these pathways to suit its needs. Therefore, 
motifs provide ready access to switching on and off 
specific cell processes, effectively allowing reprogramming 
of the cell.   A single consensus motif may also provide the 
virus access to many factors that bind this motif.  For 
example, a viral PxxP motif may target an array of different 
host factors containing SH3 domains. Short motifs may 
also provide a means by which the virus uses its small 
proteome to acquire many different host functions. 
 
4. MOTIFS MUTATED IN HUMAN DISEASE 
 
4.1. Binding and trafficking motifs  

Since short peptide motifs are so important for 
the viral life-cycle and many short motifs are functional in 
mammalian proteins, it is a reasonable conjecture that 
mutation of motifs might represent a considerable fraction 
of disease-causing mutations in humans. However, it is not 
yet known the degree to which the short functional motifs 
are mutated in disease.  We reviewed the literature and
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Table 1. Motifs in viruses 
Motif Viruses PubMed IDs 
SH3 binding Influenza, Hepatitis B and C, HIV, SIV, Herpesvirus saimiri, bovine 

leukemia virus, Epstein-Barr, Avian sarcoma virus 
17881440, 16935477, 16684552, 16530520, 16051843, 15784897, 
15767257, 14993658, 12692296, 12379843, 12466492, 11533201, 
11375055, 10756028, 10837147, 10660579, 10574946, 9778343, 
8681387, 7859737, 7687742 

SH2 binding  Influenza, Herpesvirus 8, HIV, Jaagsiekte sheep retrovirus, Epstein-
Barr virus, Kaposi's sarcoma-associated herpesvirus, Hepatitis virus, 
polyomavirus, SIV 

17485529, 17170431, 9705913, 18029356, 17610928, 17311000, 
17485529, 16963558, 16940534, 11707404, 10439044, 10364375, 
9705913, 8985339, 8794306 

PDZ binding T-cell leukemia virus, adenovirus, influenza, papillomavirus, 
polyomavirus 

17855372, 17715223, 17314165, 17672298, 17287269, 17121805, 
16263794, 16042787, 15507652, 15507623, 15286176, 15003862, 
14972558, 14625386, 12569363, 11598001, 11571640, 11127819, 
11077444, 948211, 9326658, 9192623 

14-3-3 
binding 

Kaposi's sarcoma-associated herpesvirus, Hepatitis, HIV, adeno-
associated virus, polyomavirus, minute virus 

17108038, 17141194, 16895903, 16895903, 15708996, 15003870, 
10644344, 9420259, 8892871 

Integrin 
binding 

Epstein-Barr, White Spot Syndrome Virus, Adenovirus, herpesvirus 8, 
Herpes simplex virus, Cytomegalovirus, West nile virus, 
Coxsackievirus, Norovirus, echovirus, parechovirus, encephalitis 
virus, bluetongue virus, flavivirus, yellow fever virus 

17945327, 17655902, 17427949, 16943295, 16760393, 15878864, 
15613334, 15604426, 15494436, 15475343, 15194773, 14610179, 
12601761, 11559835, 1146204, 11264382, 10982329, 10603320 

Dileucine 
sorting 

HIV, SIV, Moloney murine leukemia virus, Mason-Pfizer monkey 
virus, Nipah virus, bovine leukemia virus, herpes simplex virus, 
Pseudorabies 

10366557, 17267500, 16978406, 16873251, 16051847, 15731282, 
15254202, 11222723, 10814565, 10559313, 9811611 

prenylation Pseudorabies, Herpesvirus, hepatitis, Influenza virus 14581565, 11238466, 7512154, 8116240, 14557627, 12050399, 
16573201 

myristoylation HIV, Herpes simplex virus, Abelson murine leukemia virus, 
Arenavirus, geminivirus, Lassa virus, Vaccinia virus, Lentivirus, 
Hepatitis virus, poliovirus, Junin virus, mouse osteosarcoma 

17881447, 17881447, 17581989, 17427808, 17083745, 16973586, 
16021629, 15613341, 15452271, 12509984, 10653654, 10611737, 
9162016 

Rb binding simian virus 40, papillomavirus, Maize streak virus, T-cell leukemia 
virus, Geminivirus, cytomegalovirus, 
adenovirus, polyomavirus, JC virus, nanovirus, banana bunchy top 
virus, Bean yellow dwarf virus, rubella, plant DNA virus, potato virus 
X, varicella-zoster virus, Reovirus, poliovirus, foot-and-mouth disease 
virus, budgerigar fledgling disease virus 

17581980, 16411741, 15722542, 15580311, 14741123, 12021356, 
11921304, 10958676, 10936097, 10779361, 10640570, 10191192, 
10073691, 9495340, 7664747, 7734960, 8389801, 1548757, 
1850017, 1848606, 2166807, 2194551, 2157900, 2535744 

 
identified 20 diseases that are associated, at least in part 
with mutations that are in, or juxtaposed to short consensus 
motifs (Table 2). 
 
4.1.1. PDZ binding motifs  
  PDZ domains bind to different classes of short 
consensus motifs at the C-termini of proteins (38). Ushers 
Syndrome and Hypercalciuria are known to be caused by 
mutations of PDZ binding motifs that bind to proteins with 
PDZ domains. Mutations in the tight junction protein Claudin 
16 cause Familial Hypercalciuria which progressively leads to 
renal failure.  One mutation identified in Claudin 16 
(T233RV235> →  RRV>) causes a loss of function in this PDZ 
binding motif, blocks its association with ZO-1, and mistargets 
Claudin 16 to lysozomes (39).   
 
  Ushers syndrome is a heterogeneous disease with 
seven loci associated with deafness and blindness. The PDZ 
domain of Harmonin associates with a PDZ binding motif in 
SANS, two of the proteins associated with this disease (40).  In 
a Turkish kindred, a mutation of  D458TxL461 → VTxL> 
(where “>” indicates the C-terminus) was identified (41).  
Although the mutation is juxtaposed to the class I PDZ 
consensus motif ([ST]x[ILV]>), the mutation is predicted to 
disrupt this interaction based on structure models generated 
from other PDZ/motif complexes. Another mutation in a 
consensus PDZ binding motif was identified in the ZASP 2s 
isoform, a protein associated with muscular dystrophy, but the 
role of this motif in binding proteins with PDZ domains has 
not yet been determined (42). 
 
4.1.2. 14-3-3 binding motifs 
  Both Noonan and LEAOPARD Syndromes result 
from mutations in Raf-1 (43).  These syndromes present

 
with common features including cardiac abnormalities, 
Facial Dysmorphia and short stature.  All residues in Raf-1 
that are important for binding 14-3-3 (R256SxSTP261) are 
mutated in Noonan Syndrome, and a S257L mutation has 
been observed in a patient with LEAOPARD Syndrome. 
Some of these mutations were shown to block binding to 
14-3-3. Since 14-3-3 binding is a negative regulator of Raf-
1 kinase activity, these mutations produce a gain of 
function in Raf-1 kinase. Ser259, a key residue in this motif 
that is also phosphorylated and mutated to Ala in ovarian 
cancer, but the effect of 14-3-3 binding to Raf-1 in ovarian 
cancer has not been explored (44). 
 
4.1.3. SH2 binding motifs 

SH2 domains bind phosphotyrosine residues. 
Mutation of an SH2 binding motif has not been shown to 
cause disease, however there are several reports that 
suggest SH2 motifs play a role in human disease. Diabetes 
mellitus can be caused by rare mutations in IRS-1 that lead 
to insulin resistance. Mutation of T608xxxYxxM615→ 
RxxxYxxM in IRS-1 alters a residue near the consensus 
YxxM motif for binding to the SH2 domain in the p85 
subunit of phosphatidylinositol 3-kinase (PI3K) (45). This 
mutation effects association of IRS-1 with PI3K and 
insulin-induced PI3K activity, suggesting a role for a 
residue that is located four residues N-terminal to the 
critical tyrosine.   
 

Likewise, a similarly important role for residues 
N-terminal to the tyrosine is suggested in Lupus, an 
autoimmune disease where the immune system attacks 
healthy cells (46). In systemic lupus erythematosus, two 
polymorphisms in Leukocyte Tyrosine Kinase (Ltk) are 
more prevalent in patients with disease than in control 
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Table 2.  Binding and trafficking motifs mutated in disease 
 
Disease 

 
Protein 

 
Motif Mutation 

 
Motif function 

Loss or gain of 
function 

 
Referen
ces 

Usher Syndrome SANS DTxL>→VTxL> PDZ binding motif LOF (41) 
Idiopathic Hypercalciuria Claudin 15 TRV>→RRV> PDZ binding motif for ZO-1 LOF (39) 
Congenital Adrenal Hypoplasia DAX-1 LLxLxL→ 

LLxPxL 
LPxLxL 
 

Nuclear Receptor 
Binding motif  

LOF (130, 
131) 

Autoimmune Polyendocrinopathy-
candidiasis-ectodermal Dystrophy 

autoimmune 
regulator 

LxxLL→  deletion Nuclear Receptor Binding motif LOF (63) 

Systemic Lupus Erythematosus Ltk GxxYxxM→ 
ExxYxxM 

PI3-kinase SH2 binding motif GOF (46) 

Diabetes mellitus Irs-1 TxxxYxxM→ 
RxxxYxxM 

PI3-kinase SH2 binding motif GOF (45) 

Pleiotropic Malformation Syndrome STRA6 YTLL→YMLL Stat5 SH2 binding motif  LOF (48) 
Lesch-Nyhan Syndrome Hypoxanthine 

-guanine 
phosphoribosyl 
transferase 

VLIVEDIIDTG 
→ 
DLIVEDIIDTG 
VSIVEDIIDTG 
VLSIVEDIIDTG 
VLTVEDIIDTG 
VLMVEDIIDTG 
VLIMEDIIDTG 
VLIVEVIIDTG 
VLIVEGIIDTG 
VLIVEDKIDTG 
VLIVEDITDTG 
VLIVEDIIDTD 

phosphoribosyl- 
pyrophosphate 
binding motif 

LOF (65, 66) 

Idiopathic Dilated Cardiomyopathy1 Nebulette SNxxYK or  
SKxxYK 

Actin binding motif LOF (59) 

Retinitis Pigmentosa Rhodopsin xVxPx> → 
xMxPx> 
xVxSx> 
deletion 

Arf4 bindng motif LOF (60, 61) 

Noonan Syndrome Raf-1 RSxSTP→ 
RLxSTP 
SSxSTP 
RSxFTP 
RSxPTP 
RSxSRP 
RSxSIP 
RSxSTS 
RSxSTL 
 

14-3-3 binding motif GOF (43) 

Nonsyndromic Hearing Loss Myo7A [VI]QxxxRGxxxR 
→ 
[VI]QxxxRGxxxC 

IQ calmodulin binding motif  LOF (56) 

LEOPARD Syndrome Raf-1 RSxSTP → 
RLxSTP 

14-3-3 binding motif GOF (43) 

Ovarian Cancer Raf-2 RSxSxP →  
RSxAxP 

14-3-3 binding motif GOF (44) 

Myofbrillar Myopathy ZASP 26 residue motif α-actinin binding motif LOF (42) 
Colorectal carcinogenesis, 
Melanomas 

β-catenin DSGHDS 
→DSGHDF 

β-TrCP ubiquitin ligase adaptor 
recognition domain 

LOF (53, 54) 

Liddle’s Syndrome ENaC β subunit PPPxY→PSPxY, 
PPLxY, PPSxY, 
PPRxY, PPPxH, 
PPHxY 

Nedd4 WW domain binding 
motif 

LOF (49, 50) 

Brugada Syndrome Nav 1.5 Channel VPIAxxESD→ 
VPIAxxKSD 

Ankyrin G binding motif LOF (55) 

Rheumatoid Arthritis PTP-N22 PPLPxRTxxxxIV 
→ 
PPLPxWTxxxxIV 

Csk SH3 domain binding motif LOF (57) 

Tricho-rhino-phalangeal Syndromes TRPS1 transcription 
factor 

RRRTRKR→ 
RRRTRKC 
RRRTRKH 

Nuclear localization motif LOF (67) 

1 Polymorphisms are risk factors for this motif. 
 
subjects (46).  These mutations surround a Y753xxM756 motif 
for binding the SH2 domain of the p85 subunit of PI3K.  One 
polymorphism results in a gain of function mutation of  
G750xxYxxM756→ E750xxYxxM756 that enhances binding to 
PI3K, suggesting that residue 750 is important for SH2 domain 
binding. In support of this observation, examination of the 

structure of the complex between PI3 kinase SH2 domain and 
a cKit peptide that contains the sequence TxxYxxM shows 
contacts between the Thr residue of cKit and Asn56 of the SH2 
domain (47). 

Pleiotropic Malformation Syndrome results from 
mutations in STRA6 a protein identified based on its 
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retinoic acid-induced expression (48).  A Y643TLL646 
→YMLL mutation in STRA6 has been identified in a 
consensus binding motif for the Stat5 SH2 domain, 
however the effect of this mutation of Stat5 and Stat5 
signaling needs to be validated. 
 
4.1.4. Ubiquitin ligase binding motifs  

Liddle’s Syndrome presents with salt-sensitive 
hypertension and is associated with mutations in the β and γ 
subunits of the epithelial sodium channel (ENaC).  The 
majority of missense mutations are concentrated in a 
cytoplasmic P614PPxY618 motif near the C-terminus of 
the β subunit (49, 50).  Mutation of this motif increases 
the channel activity several fold and leads to retention of 
the activated channel at the cell surface.  This short 
motif binds to the ubiquitin ligase Nedd4 through its 
WW domain and plays a role in stability of the channel 
(51, 52). Ubiquitin ligation is also effected in melanoma 
cell lines, where a D32SGHDS37 →DSGHDF mutation 
has been observed in β-catenin. The mutated SxxxS 
consensus motif in this sequence is normally 
phosphorylated and targeted for degradation by β-TrCP, 
an adaptor for a ubiquitin ligase (53, 54). 
 
4.1.5. Ankyrin G binding motif  

Brugada Syndrome is a fatal cardiac arrhythmia 
where an E1053K mutation has been identified in the Nav 
1.5 sodium channel (55). This mutation alters a 
V1047PIAxxESD1055  motif in the cytosolic loop that binds 
to an unknown target on the surface of cardiomyocytes. 
 
4.1.6. IQ Calmodulin binding motif 

Mutations in Myosin 7A have been identified in 
patients with Nonsyndromic Hearing Loss (56).  A R853C 
mutation disrupts an IQ motif ([VI843]QxxxRGxxxR853) 
known for binding to calmodulin.  Experiments examining 
Calmodulin dependent vasoconstriction support a 
functional role for this motif in Calmodulin binding and a 
loss of function in hearing loss. 
 
4.1.7. SH3 binding motif 

Mutations in Protein Tyrosine Phosphatase 
(PTPN22) have been identified in patients with 
Rheumatoid Arthritis (57). The R620W mutation alters the 
P615PLPxRTxxxxIV627 consensus motif for binding the Csk 
SH3 domain and reduces its affinity for Csk (58). 
 
4.1.8. Actin binding motif 

Polymorphisms in the Nebulette protein are 
associated with an increased risk for Idiopathic Dilated 
Cardiomyopathy (59).  Two of these polymorphisms 
(Asn654 or Lys654 are located in a actin binding motif 
(S653[DEQNS]xxYK658) and may affect binding to actin 
(59). 
 
4.1.9. Arf4 binding motif 

Mutations in the C-terminus of Rhodopsin cause 
Retinitis Pigmentosa (60, 61).  Missense mutations 
(V345M and P347S) within, and a truncation mutation that 
eliminates a five residue xVxPx> motif from the C-
terminus, blocks binding of Rhodopsin to the Arf4 GTPase, 

an interaction important for trafficking of Rhodopsin to the 
rod outer segment. 
 
4.1.10. Nuclear hormone receptor binding motif 

Mutations in two similar hormone receptor 
binding motifs have been identified. L295P and L297P 
mutations in the L294LxLxL299 motif in DAX-1 were 
identified in Congenital Adrenal Hypoplasia.  This motif 
is thought to be involved in recruitment of transcription 
factor co-regulators.  The more conventional motif for 
nuclear hormone receptor binding is a LxxLL (62).  
While not conclusive, a frameshift mutation at position 
Ala505 near the C-terminus of autoimmune regulator 
protein deletes a L516xxLL520 motif which may be 
involved in Autoimmune Polyendocrinopathy-
candidiasis-ectodermal Dystrophy (63). 
 
4.1.11. α-actinin binding motif 

A 26 amino acid region of ZASP contains a ZM 
motif with the consensus definition of 
Q[YF]NxPxx[ML]YSxxx[IL] (64).  Mutations A147T and 
A165V surrounding this motif are mutated in  ZASP 
patients with Myofibrillar Myopathy (42). While the ZM 
motif binds to α-actinin, it is not known whether these 
mutations impair α-actinin binding. 
 
4.1.12. 5-phosphoribosyl-1-pyrophosphate binding 
motif 

Hypoxanthine-guanine Phosphoribosyltransferase is 
an enzyme that binds 5-phosphoribosyl-1-pyrophosphate 
through a V130LIVEDIIDTGK141 motif in its active site (65, 
66).  In Lesch-Nyhan Syndrome, 11 different mutations 
spanning the majority of these residues abrogate or impair the 
enzymatic activity. 
 
4.1.13. Trafficking motifs 

Several protein trafficking motifs are known to 
be mutated in disease. TRPS1 is a transcription factor that 
is deleted or mutated in Tricho-rhino-phalangeal 
Syndromes (TRPS) (67).  The last Arg of known 
RRRTRKR nuclear localization motif is mutated. R952H 
or R952C mutations in these patients blocks nuclear 
translocation of TRPS1 in a transfected cell line. In HCN2 
and Ether-a-go-go Related Gene (HERG), a C-terminal 
RxR motif is involved in endoplasmic reticulum 
retention (68, 69).  In several patients with long QT 
syndrome the C-terminus is truncated, and mutation of 
these residues reduces channel conductance in 
transfected cells, thus the effects of the deletions are 
thought to be due to defective trafficking of the mutant 
protein through this ER retention motif. Although not 
directly mutated, a C-terminal dileucine motif involved 
in trafficking is lost in C-terminal deletions of ATP7A 
in Menkes Disease and  a C-terminal peroxisomal SKL> 
targeting motif is lost in Maolonyl-CoA Decarboxylase, 
the gene mutated in  Malonyl-CoA Decarboxylase 
Deficiency (70, 71). 
 
4.2. Posttranslational modification motifs 

Several mutations in phosphorylation sites, 
protease cleavage sites, and N-glycosylation sites are 
known to play a role in disease. 
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Table 3.  Motifs for posttranslational modifications mutated in disease 
Phosphorylation sites 
Liver Glycogenosis Type II Phosphorylase kinase RxxT→ RxxI Phosphorylation site LOF (76) 
Pleiotropic Malformation Syndrome STRA6 RxT→ CxT PKA phosphorylation 

site 
LOF (48) 

Maturity-onset Diabetes of the Young HNF4α RxG→RxS PKA phosphorylation 
site  

GOF (73) 

Schizophrenia Synapsin III SP→NP MAPK phosphorylation 
site 

LOF (75) 

Bukitt’s Lymphoma cMyc PTxxxS→ several GSK3 phosphoylation 
site 

LOF (74) 

Familial Advanced Sleep Phase 
Syndrome 

Per2 S662G within binding site CKIε binding site LOF (72) 

Familial Dysautonomia IKAP RIVT→PIVT CamKII 
phosphorylation  
Site 

LOF (77) 

Protease Cleavage sites 
Rickets FGF-23 RxxR→QxxR, RxxQ, RxxW Protease cleavage site LOF (79) 
Hypohidrotic Ectodermal Dysplasia ectodysplasin-A RxKR→ RxNR, 

CxKR, HxKR 
Furin cleavage site LOF (81) 

Intrauterine Growth Retardation IGF1 Receptor 
 

RKRR→RKQR Protease cleavage site LOF (80) 

Nonsyndromic Deafness Low density-
lipoprotein receptor A 

RIVGG→LIVGG Protease cleavage site LOF (86) 

Haemophilia Factor VIII R372C, 
R1689C 

Protein C, 
Thrombin cleavage site 

LOF (84, 85) 

N-linked glycosylation 
(Many diseases) ----- ----- N-glycosylation site GOF (89) 
Retinitis Pigmentosa Rhodopsin NxS→NxN N-glycosylation site LOF (90) 
Metachromatic Leukodystrophy Sphingolipid 

Activator protein B 
NxT→HxT N-glycosylation site LOF (92) 

Creutzfeld-Jacob disease Prion NxT→NxA N-glycosylation site LOF (91) 
 
4.2.1. Phosphorylation sites 

Kinases are one of the largest gene families in 
mammalian proteomes, and it is not surprising that 
deregulation of kinase activity is a common theme in 
disease. One treatment strategy has been to develop 
inhibitors of kinases.  This has been particularly effective in 
cancer where drugs inhibiting a number of different kinases 
are effective and in current practice.  Most well-studied 
kinases are known to phosphorylate multiple substrates, 
thus it is not known whether the efficacy of these drugs is 
due to broad inhibition of phosphorylation of many 
substrates or through selective inhibition of one or several 
key regulatory phosphorylation events.  
 

Given that many phosphorylation consensus 
sequences can be abolished or created by introduction of a 
missense mutation and the fact that kinase inhibitors are 
effective for diseases, we expected that there would be many 
examples of disease causing mutations in consensus sequences 
of kinase substrates that effect substrate phosphorylation.  
While this is a very broad subject and it is difficult to be 
comprehensive, a thorough literature search revealed only 
seven known diseases in which mutation of phosphorylation 
sites are associated with disease (Table  3).    

 
Patients with familial advanced sleep phase 

syndrome contain a S662G mutation in the Per2 gene 
which is within a domain that binds to Casein Kinase Iε (72). 
This mutation blocks CK1ε mediated phosphorylation of Per2. 
Maturity-onset Diabetes of the Young can be caused by a gain 
of function G115S mutation in the hepatocyte nuclear factor 
4α transcription factor (73).  This mutation introduces a new 
consensus site for phosphorylation by PKA and PKA 
mediated phosphorylation of this site reduces 
transcriptional activity mediated by this

 
transcription factor.  Mutation of T58 in cMyc is a 
mutational hotspot in many lymphomas.  This site is 
phosphorylated and mediates proteosome degradation of 
cMyc (74). A S470N polymorphism in Synapsin III is 
observed in schizophrenic patients more often than 
unaffected individuals (75).  The polymorphism eliminates 
a MAPK phosphorylation site and the polymorphism is also 
associated with reduced phosphorylation of Synapsin III.   

 
Several phosphorylation sites are implicated in 

disease, but phosphorylation by a specific kinase has not 
yet been demonstrated. X-linked Liver Glycogenosis Type 
II have a deficiency in Phosphorylase Kinase activity.  
Several of these mutations cluster around a R1111EMT1114 
sequence with a T→I mutation or an insertion after R1111; 
These mutations eliminate a consensus phosphorylation site 
for several kinases (76). In patients with Familial 
Dysautonomia, the IκB kinase complex–associated protein 
(IKAP) has a R696→P mutation in a RxxT consensus 
sequence for Calmodulin Kinase II phosphorylation (77).  
This mutation leads to reduced phosphorylation of IKAP in 
biosynthetic labeling experiments. In Plieotrophic 
Malformation Syndrome, a homozygous mutation in 
STRA6 is observed (48).  This mutation causes a R655C 
residue change that eliminates a consensus phosphorylation 
site (RxT) for Protein Kinase A.   

 
We were surprised at how few phosphorylation 

sites were known to be mutated in disease.  This result 
supports the hypothesis that deregulation of a kinase results 
in phosphorylation of multiple downstream targets and that 
more than one target is necessary for causing disease.  We 
can therefore generalize that activating a kinase likely 
causes phosphorylation of multiple downstream targets and 
can cause disease, but phosphomimetic mutations of a 
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single phosphorylation site that is a target of one of these 
kinases does not lead to disease with the exception of the 
gain of function site in Hepatocyte nuclear factor 4α 
transcription factor as noted above. This suggests that drugs 
that target kinases act at a systemic level by blocking 
multiple important phosphorylation events. 
 
4.2.2. Protease cleavage sites 

As discussed above for kinases, another general 
class of therapeutic compounds that block enzyme activity 
is inhibitors of proteases.  For example, inhibitors targeting 
the HIV protease are one of the currently used strategies to 
control HIV infection (78). Most proteases cleave many 
substrates.  For example, all prohormones are processed at 
dibasic cleavage sites by a small number of Prohormone 
Convertases.  

 
We wanted to know if there were any diseases 

that resulted from incorrect protease processing of a 
specific site.  Five examples were identified and are shown 
in Table 3.  FGF23 is processed from a prohormone at a 
R176xxR179 subtilisin-like proprotein convertase cleavage 
site.  In autosomal dominant Hypophosphatemic Rickets, 
R176Q, R179Q, and R179W mutations are observed in 
FGF23 (79).  These mutations block proteolytic processing 
of FGF23. Insulin like Growth Factor 1 Receptor (IGF-1R) 
is processed from a pro-receptor by proteolytic cleavage. In 
Intrauterine Growth Retardation, a heterozygous mutation 
in IGF-1R mutates the proteolysis consensus sequence 
from 707RKRR710 to RKQR (80). This mutation leads to 
increased amounts of proreceptor and decreased IGF 
binding to cells. Furin cleaves Ectodysplasin-A at a 
RVRRNKR159 consensus cleavage site. 20% of patients 
with X-linked Hypohidrotic Ectodermal Dysplasia have a 
mutation in one of the five basic residues,  with three of 
these mutations located within a consensus furin cleavage 
site suggesting that defective proteolytic processing is one 
mechanisms of this disease (81). von Willebrand disease is 
caused by mutations in von Willebrand Factor.  One 
proband has a mutation that codes for R760C change in 
amino acid sequence that eliminates a protease consensus 
site for Furin (82).  This mutation leads to the presence of 
unprocessed von Willebrand factor in the plasma. In 
venous thrombosis patients a R506Q mutation has been 
identified in Factor V protease.  These mutations eliminate 
a cleavage site for activated Protein C responsible for 
Factor V degradation and result in increased thrombin 
generation and hypercoagulation (83). 

 
In several cases, the literature search revealed 

proteases that had mutations that blocked the processing of 
the protease from its pro- (inhibitory/ zymogen) form. 
Thrombin cleaves Factor VIII, a protease in the proteolytic 
blood clotting cascade.  In Haemophilia A patients with 
R372C or R1689C mutations, consensus sequences for 
Thrombin cleavage is altered and leads to increased blood 
levels of Factor VIII.  These results suggest that cleavage 
and activation of Factor VIII protease is blocked by these 
mutations (84, 85). Mutations in Non-syndromic Deafness 
map to a serine protease (TMPRSS3) which is cleaved at a 
216RIVGG220 sequence to activate the zymogen.  A R216L 
mutation was found in this motif which impairs proteolytic 

activation, results in completely inactive enzyme, and is 
likely responsible for disease presentation in this patient 
(86).    

 
All disease caused by mutation of a protease 

substrate were loss of function, we did not identify a case 
where disease was caused by introduction of a new 
proteolytic site that lead to aberrant processing of a protein. 
Although not in Table 3, there are a number of mutations in 
Amyloid Precursor Protein (APP) (including French, 
Iranian, Austrian, and German mutations) that surround the 
γ-secretase cleavage site and are involved in Alzheimer’s 
disease (87). Thus, altered processing of APP identifies 
another motif targeted in disease. While the Swedish 
mutant of APP has a KM→NL mutation in the β-secretase 
cleavage site, these changes do not alter the proteolytic 
activity toward this site (88). 
 
4.2.3. N-glycosylation sites 

Aberrant N-glycosylation seems to be common 
in disease. There are 32 known gain of function 
N-glycosylation mutations that span a wide array of disease 
and have previously been reviewed (89). There are a few 
loss of function glycosylation mutations. In Retinitis 
Pigmentosa a Ser/Asn substitution in the NxS 
N-glycosylation consensus sequence eliminates an 
N-glycosylation site (90).  In Creutzfeld-Jacob disease a 
T183A substitution is observed in at least one patient.  This 
mutation is in the N-glycosylation consensus sequence 
(NxT) of Prion protein that eliminates glycosylation at this 
site (91). In Metachromatic Leukodystrophya a N215H 
mutation in Sphingolipid Activator Protein B is observed.  
This mutation eliminates a NxT N-glycosylation site, 
caused loss of glycosylation, and inactivated the protein 
(92). 
 
4.2.4. Discussion of motifs mutated in disease 

Our review of the literature identified 20 binding 
motifs and 15 motifs for posttranslational modifications 
that are mutated in human disease. There were no unifying 
themes regarding type of motif, disease, organ, etc. Since 
many motifs are known to cause disease, the 35 binding 
and posttranslational modification motifs summarized in 
this review suggest that a disproportionately small number 
of short functional motifs are mutated in disease. However, 
more than 32 N-glycosylation motifs are associated with 
disease (89).  Since N-glycosylation motifs play an 
important role in folding of proteins that transit through the 
secretory pathway, this motif is unique among short 
consensus motifs because it plays a role in protein folding 
and misfolding is a major disease mechanism.  There are a 
number of possible explanations as to why so few motifs 
are mutated in disease which are further discussed in 
section 6.  
 
5. MOTIF MIMETIC DRUGS  
  
5.1. Receptor agonists 

The majority of drugs approved by the Food and 
Drug Administration (FDA) target receptors and enzymes. 
A few peptide hormone receptors bind to short peptide 
hormones that can be considered motifs.  Examples include
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Figure 1.  Chemical structures of FDA-approved motif 
mimetic drugs.  Comparisons of the chemical structures of 
small compounds (Morphine and Aggrastat® (Tirofiban)) to 
the peptide motifs they mimic (Enkephalins and RGD 
Integrin ligands), respectively.  The R group in Enkephalins 
can be Met for Met-enkaphalin, Leu for Leu-enkephalin, or 
other peptide for longer Enkephalin peptides such as 
β-endorphin. 

 
Enkephalins, Vasopressin, Oxytocin, Thyroid 

Releasing Hormone, Cholecystokinin, and Somatostatin-14 
peptides.  In addition, evolutionary conservation of 
sequences for peptide hormones often shows a 
conserved cluster of ~5 residues, suggesting that a short 
motif core of peptide hormone residues may be 
responsible for interaction with their receptors. 
Consistent with this hypothesis mapping of important 
contact residues for growth hormone binding to the 
Growth Hormone Receptor shows a similar size core 
binding motif (93, 94). In several cases, peptide 
hormones are therapeutically used: Somatuline Depot® 
(Lanreotide) is a Somatostatin octapeptide analog 
recently approved for treating Acromegalic patients and 
Byetta® (Exenatide) is similar to Glucagon-like Peptide 
1 (GLP-1) and is used for treating Type II Diabetes.  
Several recombinant or synthetic peptide hormones such 
as Insulin, Somatostatin and Angiotensin are approved 
for various endocrinological disorders. 

Non-peptide agonists have been identified that 
bind to the Insulin, Thrombopoietin, Wassopressin, 
Somatostatin, Bradykinin, Cholecystokinin, Angiotensin, 
Melatonin, Growth Hormone, Opioid, and Glucagon-like 
Peptide 1 receptors. Thus, in the case of receptors small 
molecule agonists that mimic core regions of peptide 
hormones seems to be a viable strategy for drug design. 
Several examples are provided. Supprelin LA® (Histrelin) 
is a Gonadotropin Releasing Hormone (GnRH) agonist 
used for treating the early onset of puberty. Demerol® 
(Meperidine) is an Opiate agonist for the κ−opioid 
receptor; Morphine, Fentanyl, Methadone, Oxycodone, and 
Codeine are agonists for the µ−opioid receptor. A 
comparison of Morphine as a mimetic of Enkaphalin 
peptides is shown in Figure 1. 
 
5.2. POSTTRANSLATIONAL MODIFICATION 
INHIBITORS 
 
5.2.1. Kinase inhibitors 

Despite the many important functions of protein 
phosphorylation in cells, there are no known drugs that 
directly target protein phosphorylation sites in proteins.  
However, over the past decade a number of kinase 
inhibitors have emerged for treating various cancers and 
immunosupression. Stutnet® (Sunitinib)  is a receptor 
tyrosine kinase (RTK) inhibitor for treating gastrointestinal 
tumors. Similarly, Sprycel® (Dasatinib) is a broad-based 
tyrosine kinase inhibitor that inhibits Bcr-Abl, Src, and 
other protein tyrosine kinases for treating chronic myeloid 
leukemia (CML) and acute lymphoblastic leukemia (ALL). 
Gleevec® (Imatinib Mesylate) is a general protein tyrosine 
kinase inhibitor approved for use in CML and Iressa® 

(Gefitinib) is a tyrosine kinase inhibitor for lung cancer 
(95). Another broad-based Ser/Thr and Tyr kinase inhibitor 
is Nexavar® (Sorafenib) which is used for advanced Renal 
Cell Carcinoma. Tarceva® (Erlotinib) is an Epidermal 
Growth Factor Receptor inhibitor used for treating 
Non-small Cell Lung Cancers (96). The majority of these 
small compound inhibitors of kinase activity are relatively 
non-specific, yet therapeutically effective. A number of 
neutralizing antibodies to specific RTKs are also in clinical 
use for various types of cancer. These have advantages in 
specificity, but therapeutic antibodies are limited by 
delivery when compared to small molecule drugs. Beyond 
cancer, Siromilus®  (Rapamycin) is used to block organ 
rejection by inhibiting mTOR, a kinase involved in 
cytokine-stimulated T-cell proliferation (97). 

 
Protein kinases, including the targets of most of 

the aforementioned inhibitors, generally phosphorylate 
many cellular proteins. Since many of these inhibitors have 
specificity limited to a precise subset of kinases in the 
kinome, it is likely that these drugs inhibit multiple 
phosphorylation events in cells.  It is not yet clear whether 
the benefit of these drugs is from a single phosphorylation 
site or inhibition of multiple sites.  Since very few known 
phosphorylation site mutations lead to disease (previous 
section) and no known drugs target phosphorylation sites, 
the actions of these drugs are likely mediated through 
perturbation of a number of different phosphorylation sites 
and act at a systemic level. 
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5.2.2. Protease inhibitors 
Proteases cleave recognition motifs in protein 

substrates. Several mutations in protease motifs lead to 
disease (previous section), suggesting that at lease some 
proteases are specific and might make good targets for 
drugs. There are several FDA approved protease inhibitors.  
Tritace ® (Ramipril), Vasotec® (Enalapril), Accupril® 
(Quinapril), Monopril® (Fosinopril), and Lotensin® 
(Benzapril) are a substrate mimetic Angiotensin-converting 
Enzyme inhibitors (98). Novastan® (Argatroban) is a 
Thrombin inhibitor. Januvia® (Sitagliptin) is a DPP-4 
dipeptidyl peptidase enzyme inhibitor for treating Type II 
Diabetes.  There are numerous inhibitors of the HIV 
proteases and this approach has been one of the principal 
means for treating Autoimmune Immunodeficiency 
Syndrome (AIDS) (78).  
   
5.2.3. Other posttranslational modifications 

Many proteins are modified by lipidation of 
specific motifs in the amino and carboxy-termini of 
proteins. Two drugs in this class are approved by the FDA. 
Zovirax® (Acyclovir) is an antiviral myristoylation inhibitor 
that blocks N-terminal myristoylation of viral proteins, 
again highlighting the critical importance of motifs in viral 
infection. Valtrex® (Valacyclovir) is rapidly converted to 
Acylovir and is for treating herpes simplex virus. Another 
lipidation motif is a CAAx> box (A = aliphatic residue) 
which is on the C-terminus of proteins that are modified by 
covalent attachment of farnysyl or geranylgernayl group on 
the Cys residue.  This modification is catalyzed by Farnesyl 
Transferase I and  Gernanylgeranyl Transferases I and II, 
respectively.  Inhibitors for these enzymes are being 
explored for treatment of cancer (99, 100).  Farnysyl 
Transferase inhibitors reached Phase III trials, but, by 
themselves produced modest effects and are now being 
explored for treatment in combination with other drugs and 
are currently in clinical trials. Inhibitors of the 
Geranylgeranyl Transferases are also being explored (12. 
100). 
   
5.3. Inhibitors of protein-protein interactions in treating 
disease 

Despite an enormous research effort toward 
understanding and inhibiting protein-protein interactions, 
no drugs that disrupt intracellular protein-protein 
interactions are currently approved by the FDA for 
treatment of disease.  This is likely due, in part, to the focus 
of big pharmaceutical companies on receptors, ion 
channels, and enzymes.  Notwithstanding, this is an active 
area of research.  

 
Potential extracellular targets are the Integrin 

Receptors. Proteins with an RGD motif bind to 
approximately ½ of the 20 known Integrin Receptors; these 
receptors mediate focal adhesion attachment to the 
extracellular matrix. Investigators have attempted to exploit 
this motif in various ways, most of which have been 
extensively reviewed elsewhere, but are summarized 
below. 

 
Two RGD mimetic drugs are antagonists of the 

Integrin αIIbβ3 (Glycoprotein IIb/IIIa Receptor), which is 

involved in platelet thrombosis.  Eptifibatide® (Integrilin) 
is a cyclic hexapeptide containing the RGD sequence that 
binds to the Glycoprotein IIb/IIIa Receptor (101-105). 
Co-administered with aspirin or Clopidogrel (low 
molecular weight heparin), this cocktail is used to treat 
Unstable Angina or a Non-ST-segment-elevation 
Myocardial Infarction. Similarly, Aggrastat® (Tirofiban) is 
a low molecular weight synthetic RGD mimetic (Figure 1) 
used to treat Unstable Angina and Non-Q-wave Myocardial 
Infarction (101).   

 
In addition to its approved medical uses, the 

RGD motif is also being explored in several ways for 
treatment of cancer. RGD peptides can also be used to treat 
tumors by targeting toxins, radioactive chemicals, 
antimitotic drugs, and DNA replication inhibitors to tumors 
(106-113). Similarly, tumors and tissues can be visualized 
using RGD peptide conjugates (109, 108, 114). Cilengitide 
is a RGD cyclic pentapeptide in Phase II trial that inhibits 
angiogenesis (115-117). Other uses of RGD peptides are in 
increasing attachment to solid supports for increasing 
adhesion of medical implants and grafts, and in treatment 
of Acute Renal Injury, and Osteoporosis (118-122). 
 

Several other motifs are being explored as drug 
targets. Aminopeptidase N is a protease expressed on the 
cells surface of tumor blood vessels.  A hexapeptide/Tumor 
Necrosis Factor conjugate containing a NGR motif acts as a 
tumor-homing conjugate (123). Some motifs that bind to 
intracellular domains are being explored as drug targets.  
PDZ motifs have well defined binding clefts and proteins 
containing PDZ domains are involved in pain perception, 
Epilepsy, Cancer, Schizophrenia, and Parkinson’s disease 
(124). Drugs that target PDZ-mediated interactions are 
under investigation.  High affinity peptides that bind the 
SH3 domain of the Crk adaptor are under investigation as 
anticancer drugs (125).  Peptides targeting the Grb2 and 
Crk SH2/SH3 adaptors are under investigation for treating 
several diseases (126). NK109 is an antitumor drug that 
binds to a PNxxxxP motif present in the C2 domain of 
Protein Kinase Cα (127).  Nutlin-3 is a small molecule 
inhibitor that blocks the motif-driven interaction of MDM2 
and MDMX with p53 (128).  Treatment of mouse models 
of Retinoblastoma with Nutlin-3 and a Topoisomerase 
inhibitor Hycamantin® (topotecan hydrochloride) 
drastically reduced tumor burden. 
 
6. PERSPECTIVE ON SHORT FUNCTIONAL 
MOTIFS IN HUMAN HEALTH 
 
6.1. Molecular vulnerability of the human body to short 
motifs 

Investigation of disease causing mutations, 
drugs, pathogens, and disease models teach us about the 
vulnerability of the human body. Disease causing mutations 
and FDA approved drugs suggest that enzymes, hormones, 
and receptors are particularly vulnerable sites. We 
questioned whether short functional motifs are also a point 
of human vulnerability. With the exception of 
N-glycosylation motifs which effects protein folding in the 
endoplasmic reticulum, our literature analysis revealed that 
few short functional motifs are known to be mutated in 
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human disease. We must consider several possible 
explanations: 1. mutation of many short motifs are 
embryonic lethal and most individuals harboring such 
mutations die 2. short motifs have unimportant functions 3. 
short motifs are important at the systemic level, but any 
single motif rarely effects viability 4. the majority of 
functional motifs have not been identified so that we are 
unaware of their role in disease, or  5. the majority of 
diseases have not been identified so we are not aware of the 
role of motifs in the yet-to-be-discovered disease. 
 

To gain a brute-force understanding at the 
genome level and address these possible explanations, we 
examined some statistics of mouse models using the Mouse 
Genome Database (129).  Of the 4,289 genes thus far 
deleted in targeted knock-out mice, 1897 are lethal, 
suggesting that ~44% of mouse genes are necessary for 
survival. Of the 1,897 genes required for mouse viability, 
1,742 were lethal at embryonic, perinatal, or postnatal stage 
and another 155 were lethal at a later stage in life. These 
155 genes produce viable organisms with defects that cause 
death later in life and can be considered an equivalent of 
disease in humans. By extrapolation, the disease causing 
genes represent only a small percentage of mouse genes.   
 

While we cannot rule out that a large 
proportion of human motif mutations result in 
embryonic lethality, this seems unlikely in consideration 
of the small proportion of genes that cause disease in 
mice. Although mutation of ~44 % of mice genes results 
in lethality, motifs often only diminish function of a 
protein and we did not identify any cases where 
mutation of a motif is similar to a null phenotype for the 
gene.  We are in the early stages of short motif 
discovery and it is possible that many more mutated 
motifs will be identified as more motifs and more 
specific motif definitions are accumulated. In our 
literature analysis, a common theme was an observation 
that residues juxtaposed to a consensus sequence, or 
within a portion of a motif not thought to impart 
specificity, were mutated.  This suggests that current 
motif definitions may not be exact and need 
improvement.  However, to this point it seems like 
mutation of motifs that result in disease is a rare 
occurrence.   

 
We favor the hypothesis that most motifs are 

important at the systemic level, but mutation of a single 
motif does not perturb the system enough to affect viability.  
Since few intracellular motifs are mutated in disease 
(sections 3 and 4), it appears that human cellular 
physiology is not critically dependent on any one motif for 
function. For example, if a kinase phosphorylates 50 targets 
and five are critical for viability then knocking out the 
kinase will cause death, but knocking out any one 
phosphorylation site will not.  In this scenario, all five 
critical phosphorylation sites would need to be mutated to 
cause death. Effectively, this system architecture reduces 
vulnerability of the organism. However, opportunistic 
pathogens such as viruses could readily exploit cellular 
systems that are driven through short motif recognition and 
this seems to be the case (see section 2).  There are a couple 

of specific cases, where this does not hold true.  
Asparagine-linked glycosylation motifs are involved in the 
protein folding quality control pathway of the endoplasmic 
reticulum and both gain and loss of function mutations for 
this motif are found in disease (89).  We think this is a 
point of vulnerability because of its role in effecting 
folding, as misfolding is a primary disease mechanism.   
The other case is that for extracellular peptide hormones that 
have core motifs that bind to receptors. Many of the cell-to-cell 
signaling systems are not redundant, vulnerable to mutation in 
disease, and may be one reason why such a larger proportion 
of drugs target receptors and peptide hormones. 

 
One consideration regarding our current 

knowledge of motifs is that motifs may need to be much 
more specific than currently motif definitions describe.  
Many motifs have highly redundant motif definitions and 
are found at greater than 100,000 copies in the human 
proteome; clearly not all of these putative sites are used.  
This over-prediction of short motifs may be due to the fact 
that motifs must work within a specific context such as 
being on the protein surface, be localized to a specific 
compartment, or being expressed with its target in the same 
cell or during a specific point of development. This may 
hinder our ability to recognize motifs that are mutated in 
disease. 
 
6.2. Insights into drugs design strategies.   

The majority of FDA-approved drugs target 
enzymes, receptors, and channels. Many of these drugs 
are screened based on a specific target.  Most of these 
targets are likely to have non-redundant functions in 
cells.  Only a few drugs that mimic short motifs exist 
(Figure 1) and in general, drugs that block 
protein-protein interactions are not routinely used in 
treatment of disease. This could be because 
pharmaceutical companies do not explore protein-
protein interactions as potential drug targets.  However, 
as covered in Section 5, there has been reasonable interest 
in exploring a number of motifs as druggable targets. Since 
viruses have evolved to use motifs for essential functions 
by hijacking host proteins, one potential area where motif 
mimetic drugs may be useful is for treating viral infection 
and infection by other pathogens.  Another way that motif 
mimetic drugs may be useful is as a cocktail targeting 
multiple targets.  For example, an inhibitor of a tyrosine 
kinase can disrupt phosphorylation of many proteins and 
processes.  If the few critical phosphorylation sites were 
known, a cocktail of motif mimetic drugs that that block 
phosphorylation of the key sites might be just as 
effective as the tyrosine kinase inhibitor, but present 
less problems with toxicity through non-desirable 
effects of the drug on other phosphorylation sites and 
cell processes.  Such drug cocktails may be more 
effective by perturbing the systems in different ways.  
For example, in controlling the spread of HIV, a 
protease inhibitor cocktail that targets the HIV protease 
and reverse transcriptase is more effective than a single 
protease inhibitor. Much remains to be learned about 
motifs, but given their widespread role in cell function 
and physiology, they are like to be part of the future of 
drug design. 
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